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X-Ray Reiractive Index
Generalized refractive index for x-rays :

n(I; T d (1 2 b

Absorption:
b@)=1 nl) -~ 004 ~ OW/EH
4p

Pure refraction :

|2
d() = rp Nf. ~ O (12 ~ O(L/E2)

| Is the x-ray wavelength
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P or Mo (10 Zcm?)
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Calculated values for phase-shift cross-section p and absorption cross-section
m,.as a function of atomic number (b) ratios of p to m, (from Momose &
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Fukuda,Med Phys. 1995, 22, 375 ).
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Relationship for phase
f(x,y,2,k) = -k od(x,y,z";k) dz' = gkp—r& or(x,y,2)dz’ = 0O(l)

e =20 |
I, - classical electron radius

r = electron density
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3onse & Hart,
\ppld Physics Letters, 1965, 7 , 99)
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Fig. 4. Phase pictare of plano-concave epoxy plate, Note
the hole in the center of the plate. Scale mark is 1 mm.

@ 2p ambiquity !
YRAY SOURCE

: S
18May ‘01 SWW CSIRO Fig. 2. Beam configuration. § —heam splitter, M — separated

transmission mirrors, 4 —analyzer. Note the focusing effect of
Ko, and K, if topographs are taken with the Dy, beam.



A-ray interferometry - ctd

\tsushi Momose et al, 1995-

Synchrotron
radiation

Monochromatoi B Sample cell

Sample cell

X-ray interferometer

X-ray image sensor
Very high sensitivity:
Dr/r »10°
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Crystal-Based approacnes o X-Ray
Phase-Contrast Im agmg
-orster, Goetz & Zaumseil, Kristal & Teknik 1980, 15, 937)

Beam expander and (b)
Slit collimator crystal monochromator

photo-

N m—
\% Samol X-ray _ plate
e . r
= — / ample source —
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Source % Dual-face : counter ;
analyser
Distorted /*$ - crystal- TV detector
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Figure 1. X-ray optic schemes of PD!: (a) triple-crystal and

T (b) double-crystal.
X-ray film
Davis, T.J. Gao, D. Gureyev, T.E (Ingal, V.N. & Belyaevskaya, E.
Stevenson, A.W. & Wilkins, S.W. , J Phys D: 1995, 28,2314)
Nattre:l995- 37 3 H95
Phase Contrast Imaging using Phase Dispersion Introscopy (PDI)
perfect crystals (PCl) (Diffraction Enhanced Imaging = DEI,
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Regimes of X-R

scattering

from sample:

ingular filter

analyzer xtal)

ocking curve:

ly P

Q)

|

-Ir

J

Q)

S

-
>

(D

>
-C

“dark fleld”

ontrast Imaging using P
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eucalyptus leaf

(melliodora)

a “pure phase” object:

R(Nf) » I/l

Recorded by
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Optical analogy for double-
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Snigirev et al using SR sources
(1995) source

ntrast Imaging

primary slits

T bject

monochromator

detector :|

»

-
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i d~60 m 24

_SIRO group using lab-based (polychromatic) sources

(1996)

<«
SN

150 mm
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magnified image

X-ray source

large source

sample
blurred image
A schematic diagram of the point The size of the source determines the
projection x-ray microscope. resolution of the projection microscope.

N

) -0-0-0-0-~

sample

The development of the interference pattern of a wave after passing through a refracting
sphere. a) the development of the phase profile;

R P b) the development of the intensity. o3



P or Ma (10 ZPem?)

0 10 20 30 40 50 60
a') Atomic Number

a) Simulated XUM image of 5 micron carbon spheres

using 10 A (1.24 keV) x-rays and
Other parameters:

d= 0.32 103, b =0.20 104,
f=-20021 rad/cm, m= 2561 cm,
t,, = 3.14 um (2p phase thickness).

- 10°-

1 ®

L e——— 83 keV

13.5 keV

a) Calculated values for phase-shift
cross-section p and absorption cross-
- section m,.as a function of atomic

number. b) ratios of p to m, (from
Momose et al).

R =
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0 10 20 30 40 50 60

Atomic Number

1mm.

O O Energy dependence of XUM

Images of 5 micron carbon

Q O spheres

b)

b) Same sample for 1 A (12.4 keV) x-rays and R’ =

1mm.
Other parameters:
d= 0.30 10, b=0.1776 10?8,

f=-1917 rad/cm, m= 2.232 cm™,
t,, = 32.8 um (2p phase thickness)
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Point Proje [o]g erlJmJ with a
Microfocus Sourc

1. Have magnification therefore don'’t
need high spatial resolution
detectors

2. Don't need x-ray optics or high
precision mechanics

3. Don’'t need (very high) chromatic
coherence
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Phase-Contrast Radiography (PCR)

Images of a polymer glue containing
10 mm fibres and bubbles

contact image phase-contrast image
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ak (Phase) Object Approximation

Of] 1S5€E QTEFJH

(see Cowley & Moodie, 1960 )

exp (-if-nt) »1 -if - mt
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pcx ™ ® ultramicr oscopy (XUM)

Point simple PC regime ™ ® complicated PC regime
(“direct imaging”) (“ holographic™)
source

1" max in PC

1.0

0.5

\1St pa
\band
0.5 | \

Amplitude CTF\

0.0

CTF

-1.0

0.0 0.5 1.0 1.5 2.0 2.5

Contrast Transfer Function (CTF) for phase and absorption information contained in the object. The
thumbnail images of “Holly” taken as a pure phase object show the effect on image structure of imaging in
different regimes. Nofe: all images might in principle be used to try to obtain the same informatigf about
the object (“Holly”)



Transport of Intensity

It ation (TIE)
K[I(r.,z+R)- I1(r,,2]/R@N, -[I(r,

Equ
2N, (r.,2)]

K[1(r.,z+R)/1(r.,2)- 1I/R@ N7 (r.,2)

Herel(r.,z) isintensity, | (r.,z) isphase, r. =(X,y), k=2p/l , Risthe
propagation distance and N. =(1,, 1,) isthe 2D (transverse) gradient, N,?
L aplacian.
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Contrast Transfer Function (CTF)

Contrast Transfer Function showing effect of damping term due
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resolution
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Partially coherent

»— Pphase
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Resolution
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to finite source size
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Geometrical Configurations for X-Ray Imaging

Reduced distance parameter in CTF:
z = RiR /(R +Ry)

1. Plane wave case (e.g. synchrotron):

R,>>R, P z» R,

2. Point projection (microscopy) case:
R,>>R;, P z» R
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Plane-wave experimentis on phase
extraction using SR

S = primary slits
object
source monochromator
detector
< iz e >
e d~60 m A~ 150 mm

ID-22 at ESRF - Snigirev
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X (microns)

80
60 Carried out at ERSF- ID22:
£ Gureyev, Raven, Snigirev,
Snigireva & Wilkins
20 J Phys. D: Appld Phys. 32
(1999), 865.
0
-20
-40
E =19.6 keV
-60
e (absn ~ 0.25 %)
80 -60 -40 -20 0O 20 40 60 80
Y (microns)
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Role of Phase Retriev

2. Restoration of the True Shape of an Object
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ase Retrieval in In-Line Imaging

ontrast (Multi-Distance)

Extracted intensity
exp[-mt(x,y)]
e

Extracted phase
J (Xy)

Extracted phase ?'f
Leplacian - N2j Gy 5r
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The Energy Sensitive 2-D Detector Method
for Determining Separate Phase-Contrast
and Absorption Contrast lmages
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CJ mpariso J'f general teatures ot

ue Phase Quantity Commen sensitivity (Dr/r )
1. Interferometry f modulo 2p 10°
2. Crystal-Based Nf PDI/DEI 10° ?
regime
3. Propagation-Based N TIE regime ?
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Lab Based X-ray Ultramicroscope

focussed
electron beam

Imaging detector

target

Image contains both
phase and
absorption contrast
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A-RAY UL TRAMICROSCOPY

Advantages of XUM:
e resolution not limited by optics
e no (or simpler) aberrations

e versatile (many different types of sample cells)
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Amplitude and phase contrast in in-lineimaging

Phase contrast
(sharp black/white
stripes near the
edges)

Absorption contrast
(darker and lighter
areas)
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pcx ™ ® ultramicr oscopy (XUM)

simple PC regime ™ ® complicated PC regime
(“direct imaging”) (“ holographic™)

1" max in PC

1.0 /\
] I
0.5 I ’I
E 0.0 | \\éiﬁj‘

0.5 | \

Amplitude CTF\

Contrast Transfer Function (CTF) for phase and absorption information contained in the object. The
thumbnail images of “Holly” taken as a pure phase object show the effect on image structure of imaging in
different regimes. Note: all images might in principle be used to try to obtain the same information about
the object (“Holly”)



change Is very sharp.

feature becomes spread out laterally in space. Note
in the TIE approximation, intensity is related to Laplacian
of phase.
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